ABSTRACT Replacing outdated incandescent light sources provides the opportunity to modify lighting systems according to the needs of different species and according to their spectral sensitivity. Providing a lighting environment geared towards poultry vision may improve bird welfare and blood physiological homeostasis. The influence of two LED light sources (redsupplemented vs. un-supplemented) adjusted to either human spectral sensitivity (lux) or poultry spectral sensitivity (CLUX) was investigated on selected blood physiological variables of male broilers. A total of 960 1-d-old male chicks were randomly distributed into 16 environmentally controlled rooms (60 chicks/room). Birds were provided a diet formulated to meet NRC recommendations with feed and water provided ad libitum. The treatments consisted of two LED light sources (red-supplemented (RS) vs. un-supplemented (WL)) adjusted to either human spectral sensitivity (CIE) or poultry spectral sensitivity (CLUX) arranged in a 2 × 2 factorial. Blood samples were collected from the brachial wing vein of six birds per room on d 21, 28, 42, and 56, which were then analyzed immediately for whole blood physiological variables. Blood plasma samples were analyzed for corticosterone. In comparison to broilers reared under RS, broilers reared under WL had lower levels of pO 2 , SaO 2 , angap, and Osmo, which were within physiological ranges. Also, birds reared under CIE had lower levels of Na + , which were also within the physiological range. In addition, blood glucose and plasma corticosterone concentrations were not affected by treatments, suggesting an absence of physiological stress. In conclusion, it is suggested that minor differences in lighting programs such as lighting source should not be expected to compromise broilers welfare, but rather is primarily an economic decision driven by capital and operation costs.
INTRODUCTION
Lighting programs are important tools to control growth trajectory and activity while limiting adverse interactions between flock mates (Olanrewaju et al., 2006a) . Adoption of alternative lighting systems such as LED or compact fluorescent for commercial broiler housing has prompted comparisons of lighting source (LS), wavelength, and color balance (correlated color temperature (CCT), K) to characterize their effects on live performance (Olanrewaju et al., 2015a,b; Rogers et al., 2015a Rogers et al., , 2016 Rogers et al., , 2018 , physiological response (Olanrewaju et al., 2015a; Rogers et al., 2015b) , as well as welfare and behavior (Kristensen et al., 2007; Rogers et al., 2015b) . Olanrewaju et al., (2015a,b) compared production responses of mixed-sex broilers as influenced by CCT of different un-supplemented light sources and found no differences in live performance or physiological response between 2,700 K and 5,000 K sources. Transition to advanced lighting technologies such as LED from outdated incandescent light bulbs provides improved energy efficiency and the ability to more accurately specify the spectral content of light (Watkins, 2012; Campbell et al., 2014) . The differences in poultry and human vision are well documented with poultry possessing increased sensitivity near 475 and 650 nm wavelengths in comparison to the human CIE photopic function (Prescott and Wathes, 1999; Lewis and Morris, 2000) . Enhanced sensitivity at these wavelengths is derived from structural and physiological differences between avian species and humans (Bowmaker et al., 1997; Hart et al., 1999) . Providing a lighting environment that is designed specifically towards poultry vision has been hypothesized to improve social interactions, location, and utilization of feed and water resources, and thus ultimately improve bird welfare and production efficiency.
The homeostatic imbalances of acid base are vital as the body attempts to maintain pH balance within normal physiological limits. Understanding body acid-base disturbances and how they relate to body homeostasis situations can help to identify a potential variation in the acid-base balance and facilitates the identification of metabolic and respiratory acidosis or alkalosis thereby enhancing bird welfare. Blood analyses along with other biochemical evaluations have been used to assess the health status of animals including chickens (Kral and Suchy, 2000; Olanrewaju et al., 2006b ). Changes in major selected blood variables are routinely used to determine various influences of environmental, nutritional, and pathological factors (Ross et al., 1978; Olanrewaju et al., 2007) . Changes in acid-base balance may signal early symptoms of diseases and influence the early manifestation of clinical signs and therapeutic effectiveness in both domestic animals and human beings (Brobst, 1975; Gunnerson, 2005) . The basal corticosterone levels that increase in response to stress have been found to be consistently and significantly higher in birds housed under UV-deficient lighting (Maddocks et al., 2002) . Stress responses are also integrally involved with acid-base balance in several species (Sandercock et al., 2001; Olanrewaju et al., 2006b) .
A limitation of the comparisons of un-supplemented LED in the literature as it relates to physiological welfare of broilers is the reliance on adjustment of intensity according to the human-based CIE scale, which may affect the apparent intensity for poultry and their physiological welfare indices, particularly for light sources designed to mimic the spectral distribution of poultry sensitivity. We recently reported the effects of light intensity adjusted for species-specific spectral sensitivity on live performance of male broiler chickens . Therefore, the objective of the present study was to investigate from the same individual birds included in our recent manuscript the influence of two LED light sources (red-supplemented (RS) vs. unsupplemented) adjusted to either human spectral sensitivity (lux) or poultry spectral sensitivity (CLUX) on selected blood physiological variables of male broiler chickens.
MATERIALS AND METHODS

Bird Husbandry
All procedures relating to the use of live birds in this study were approved by the USDA-ARS Institutional Animal Care and Use Committee at the Mississippi State, Mississippi location. A total of 960 male 1-d-old Ross × Ross 708 chicks were purchased from a commercial hatchery. Upon arrival, chicks were weighed and allocated to 16 groups with equated body weight (BW); initial BW was 47 g and was not different between treatments (P = 0.43). Chicks were randomly distributed into 16 environmentally controlled rooms (60 chicks/room). Each environmental room had a floor area of 2.3 m × 2.6 m (5.98 m 2 ) with a room volume of 14.95 m 3 (ceiling height = 2.5 m). Each room contained 3 cm deep fresh pine shavings, tube feeders, and a 7-nipple watering system. Chicks were vaccinated for Marek's, Newcastle, and infectious bronchitis diseases at the hatchery. The chicks remained in their respective rooms from 1 to 56 d of age (experimental period). Birds were provided a four-phase feeding program (starter: 1 to 14 d; grower: 15 to 28 d; finisher: 29 to 42 d; withdrawal: 43 to 56 d). Diets were formulated to meet or exceed NRC (1994) nutrient recommendations for each feeding phase. Starter feed was provided as crumbles, and subsequent feeds were provided as whole pellets. Feed and water were offered ad libitum. Temperature and relative humidity on d 1 were maintained at 32
• C ± 1.1
• C and 50% ± 5%, respectively, and were held constant across all treatments. Temperature was decreased as the birds progressed in age until 15.6
• C was achieved at 49 d of age.
Experimental Lighting Treatments
Treatments were arranged in a 2 × 2 factorial design with main effects of LS and spectral response curve (SRC). Lighting was provided with either a RS LED source designed for poultry visual response (MLM-R, Once Innovations, Plymouth, MN) rated at 8 W or a un-supplemented (white light) LED source (L6A19/DIM/50 K, Overdrive, Roanoke, VA) rated at 6 W. The spectral output of each bulb for each dimming level is shown in Figure 1 . The primary output of each source had a CCT of 5,000 K; the RS lamp had a decreased CCT of 4,700 K as measured with a spectrophotometer (PS-200, Apogee Instruments, Logan, UT). The photoperiod and intensity (illuminance) schedule are shown in Table 1 . Intensity of both light sources was controlled with a phase-control electronic dimmer (LD6230, Behringer, Willich, Germany) and photoperiod was controlled with a digital timer (20C1DR-D-V2, Omron Industrial Automation, Hoffman Estates, IL.). Intensity levels were adjusted according to human or poultry spectral response. A precision photometric sensor (LI-210, Li-Cor, Lincoln, NE) was compared against a poultry-specific spectroradiometer (ONCE Innovations, Inc., Plymouth, MN) to determine the appropriate offsets to achieve proper poultry-specific intensity levels (Table 1) .
MEASUREMENTS
Blood Collections and Chemical Analyses
On d 21, 28, 42, and 56, blood samples were collected between 0800 and 0900 h from a brachial vein of six randomly selected chicks from each room. The birds were then returned to the appropriate rooms without unnecessary discomfort using proper housing and Figure 1 . Spectral output distribution of each light source at final operating intensity; data shown a power relative to maximum output at 450 nm. RS-CIE = red-supplemented light adjusted to human spectral sensitivity; RS-CLUX = red-supplemented light adjusted to poultry spectral sensitivity; WL-CIE = un-supplemented white light adjusted to human spectral sensitivity; WL-CLUX = un-supplemented white light adjusted to poultry spectral sensitivity. handling techniques, as described by FASS (2010). All bleedings were completed within 45 s after birds were caught. Blood samples (3 mL) were collected directly into heparinized (50 IU/mL) monovette syringes and were drawn directly from the syringes into a blood gas electrolyte analyzer (ABL-80 CO-OX Flex, Radiometer America, Westlake, OH) for immediate analysis as described previously (Olanrewaju et al., 2016b) . The mean corpuscular hemoglobin concentration and arterial oxygen saturation (SaO 2 ) were also calculated as described previously (Olanrewaju et al., 2016b) . In addition, details regarding the plasma collection and corticosterone measurement technique has been described previously (Olanrewaju et al., 2016b) .
Statistical Design and Analysis
Treatments were arranged in a 2 × 2 factorial design with main effects of LS and SRC. Main effects and interactions were represented by eight and four replicate pens, respectively. Data were analyzed as a completely randomized design with ANOVA using PROC MIXED in SAS (2013). Main effects of treatments and the interaction of the factors were tested. Means comparisons on d 21, 28, 42, and 56 were assessed by least significant differences and statements of significance were based on P ≤ 0.05 unless otherwise stated. Analyses of variance combined across days were performed to obtain treatment comparisons averaged across days and to test for treatment interactions with equal variances between days. In addition, ANOVA for each of the sampling days of 2 wk interval was performed. Table 2 shows the combined main effects of light sources and spectral sensitivity scale on major selected blood physiological variables. In comparison to broilers reared under RS, broilers reared under WL had significantly lower levels of pO 2 (P ≤ 0.044), SaO 2 (P ≤ 0.016), angap (P ≤ 0.030), and Osmo (P ≤ 0.036), which were within physiological acid-base ranges. Also, birds reared under CIE had significantly lower levels of Na + (P ≤ 0.040), which were also within physiological range. a-c Means within a column or row and effect that lack common superscripts differ significantly (P ≤ 0.05). * RS = red supplemented light source; WL = un-supplemented white light source; CIE = human SRC; CLUX = poultry SRC 1 Pooled SEM (n = 8).
RESULTS
2 Pooled SEM for interaction effect (n = 4). Table 3 shows separate ANOVA for each sampling day. There was no main effect of light source on any of the sampling days on whole blood pO 2 and SaO 2 as presented in Table 3 . However, spectral sensitivity scale had a significant effect on pO 2 on d 21 (P ≤ 0.038) and on SaO 2 (P ≤ 0.001). Moreover, light sources × spectral sensitivity scale interaction was noted on pO 2 (P ≤ 0.021) and SaO 2 (P ≤ 0.025) only on d 21. In addition, no effects of light sources, spectral sensitivity scale or their interaction were observed on most other blood physiological variables including whole blood glucose and blood plasma corticosterone concentrations on any of the sampling days (data not shown).
DISCUSSION
We recently investigated the influence of two LED light sources (RS vs. un-supplemented) adjusted to either human spectral sensitivity (lux) or poultry spectral sensitivity (clux) on live performance and processing yield of male broiler chickens . The present study in which the same birds, treatments, and conditions were used examined the influence of these treatments on selected blood physiological variables. The results indicated that in comparison to broilers reared under RS, broilers reared under WL had significantly lower levels of pO 2 , SaO 2 , angap, and Osmo but they were within physiological acid-base range. Also, spectral sensitivity scale had effect on pO 2 and SaO 2, but these values were also within normal physiological ranges. In addition, blood glucose and plasma corticosterone concentrations were not affected by treatment, suggesting an absence of physiological stress and an uncompromising welfare of the birds.
Similar to the lack of effects of differing combinations of LED LS (RS vs. un-supplemented) and intensity adjustment according to species-specific spectral sensitivity on live performance reported recently, the lack of differences in most of the blood physiological variables was expected. The higher levels in pO 2 and SaO 2 observed in birds reared under RS in comparison to broilers reared under WL may be attributed to slightly numerically increased BW of birds under RS and were in agreement with those reported for chickens (Salinas et al., 2014; Olanrewaju et al., 2016b Olanrewaju et al., , 2017 . The body, under normal circumstances, is able to maintain a balance between the acids produced as part of metabolism and the bases that are necessary to neutralize and promote excretion of acids. However, observed acid-base changes in the present study remained within normal acid-base homeostasis and physiological range for this species.
The principal organ systems (lung, kidneys, gastrointestinal, cardiovascular) used in acid-base homeostasis also influence respiratory and metabolic activities of these modern heavy weight broilers. The major function of the respiratory system is to supply an adequate amount of oxygen (O 2 ) to tissues and remove carbon dioxide (CO 2 ), while the kidneys will excrete any excess acids or alkali. Higher blood Osmo and angap observed in birds reared under RS in comparison with WL light sources may be associated with the higher blood Ca 2+ concentration observed. The higher blood Osmo observed may also be caused by several other conditions, including dehydration. Also, higher blood Na + observed in birds reared under CLUX in comparison with those reared under CIE in SRCWL group sources may be associated with slightly increase in BW (Ankowski et al., 2011) . Blood Na + concentration is maintained by a homeostatic mechanism that involves thirst, vasopressin secretion, the renin-angiotensinaldosterone feedback system and the renal handling of sodium. Body fluid electrolyte concentrations, such as Na + , K + , and Cl − , and acid-base balance are interconnected and are associated with the condition producing acidosis or alkalosis in mammals, which may also be true in birds (Terzano et al.,2012) .
Concentrations of certain plasma hormones, enzymes, and metabolites such as glucose and corticosterone among others have been suggested to be sensitive indicators of stress levels in broiler chickens (Puvadolpirod and Thaxton, 2000; Olanrewaju et al., 2006b) . No significant effect of treatments on blood glucose and plasma corticosterone concentrations in the present study suggest that these examined light sources did not present as stressors to broilers grown to heavy weights. In addition, since there were no signs of acid-base disorders (metabolic and respiratory acidosis or alkalosis), we can conclude that the minor differences in LS should not be expected to affect broiler chickens welfare, but rather is primarily an economic decision driven by capital and operation costs.
